Introduction
============

Liver cancer is the third leading cause of cancer-related mortality, particularly in developing Asian countries, where the incidence has increased in recent years ([@b1-ol-0-0-10674]). Globally, approximately 630,000 new cases of liver cancer occur annually, and more than half of these new cases occur in China ([@b2-ol-0-0-10674]). Currently, systemic chemotherapy serves an important role in the treatment of advanced liver cancer and in therapy for liver cancer patients with extensive disease or with poor liver function ([@b3-ol-0-0-10674],[@b4-ol-0-0-10674]). Cisplatin (CDDP) is one of the most commonly used chemotherapeutic agents for advanced liver cancer and in postoperative patients when combined with intra-arterial chemotherapy ([@b5-ol-0-0-10674]). Unfortunately, the curative efficacy of CDDP may be limited due to intrinsic or acquired chemoresistance ([@b6-ol-0-0-10674]).

DNA double-strand break (DSB) repair is an important mechanism closely related to the development of chemoresistance ([@b7-ol-0-0-10674]). DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is involved in nonhomologous end joining (NHEJ) to repair DSBs ([@b8-ol-0-0-10674]). DNA-PKcs mediates a variety of cellular responses via phosphorylation of various downstream targets in the DNA-PKcs signaling pathway ([@b9-ol-0-0-10674]). DNA-PKcs could promote activation of the mitogen-activated protein kinase (MAPK)/IκB kinase 2 (IKK-2)/NF-κB pathway, resulting in increased cell survival in murine embryonic fibroblasts treated with anthracycline doxorubicin chemotherapeutic agent ([@b9-ol-0-0-10674]). Elliott *et al* ([@b10-ol-0-0-10674]) reported that downregulation of DNA-PKcs sensitized chronic lymphocytic leukemia cells to chemotherapy treatment, while upregulation of DNA-PKcs was associated with chemoresistance and shorter survival time. Chemosensitivity was enhanced in multidrug-resistant human leukemia CEM cells in response to inhibition of DNA-PKcs through combined treatment with the DNA-PKcs inhibitor wortmannin ([@b11-ol-0-0-10674]). These results suggest that the DNA-PKcs signaling pathway is closely associated with development of chemoresistance.

MicroRNAs (miRNAs/miRs) are an important class of endogenous small noncoding RNAs that are typically approximately 22 nucleotides in length and bind to the 3′-untranslated region (UTR) of target mRNAs, leading to the degradation of the mRNA or blocking translation ([@b12-ol-0-0-10674]). Dysregulation of miRNAs is also involved in the development of chemoresistance and radioresistance to therapy. MicroRNA-101 (miR-101) has been shown to efficiently sensitize tumor cells to radiation *in vitro* and *in vivo* through degradation of DNA-PKcs via binding to the 3′-UTR of DNA-PKcs in tumor cells ([@b13-ol-0-0-10674]). It has been reported that miR-101 selectively targets and downregulates DNA-PKcs, mediating sensitivity of pancreatic cancer cells to gemcitabine ([@b14-ol-0-0-10674]). In addition, Chang *et al* ([@b15-ol-0-0-10674]) found that miR-101 sensitized osteosarcoma U2OS cells *in vitro* to doxorubicin treatment via inhibition of autophagy. In liver cancer cells (HepG2), miR-101 regulates the chemosensitivity of CDDP through inhibiting autophagy and inducing apoptosis ([@b16-ol-0-0-10674]). However, the regulatory mechanism of miR-101 and its function on chemoresistance in liver cancer remains unclear.

The aim of the present study was to examine the effects of miR-101 on the chemotherapeutic efficacy of CDDP in liver cancer cells. miR-101 mimic and miR-101 inhibitors were transfected into HepG2 cells to alter the expression levels of miR-101. Next, HepG2 cells were exposed to different concentrations of CDDP and cytotoxicity was assessed. Furthermore, the influence of miR-101 on expression and activity of the DNA-PKcs/protein kinase B(Akt) pathway were examined to explore the underlying mechanism. This study may provide new insight into the potential role of miR-101 as a novel therapeutic target for liver cancer treatment.

Materials and methods
=====================

### Cell culture and treatments

Human liver cancer cells (HepG2) were obtained from American Type Culture Collection (ATCC) and maintained in Dulbecco\'s-modified Eagle\'s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 0.33% sodium bicarbonate and antibiotics (100 U/ml penicillin and 0.1 mg/ml streptomycin) (Sigma-Aldrich) at 37°C in an atmosphere with 5% CO~2~. For cisplatin (CDDP; Selleck Chemicals) treated, HepG2 cells were incubated with different concentrations of CDDP (0, 2 and 5 µM) for 24 h.

### Transfection of miRNA

The miR-101-mimic, control-mimic, inhibitor and inhibitor-control were designed and synthesized by Shanghai GenePharma Co., Ltd. miRNA (\~50 nM) was transfected using Lipofectamine™ 2000 (Invitrogen) as recommended by the manufacturer. After 48 h of transfection, total RNA was extracted and the efficiency of transfection was verified by reverse transcription-quantitative PCR (RT-qPCR). For *in vivo* chemosensitivity assays, miR-101 mimic, control-mimic, miR-101 inhibitor and inhibitor-control sequences were embedded into the lentiviral pGIPZ plasmid (Genechem, Inc.). HepG2 cells were subsequently infected with the lentiviruses and inoculated into mice to produce tumor xenografts after 24 h of transfection. miRNA sequences were as follows: miR-101 mimic sense, 5′-UACAGUACUGUGAUAACUGAA-3′ and antisense, 5′-CAGUUAUCACAGUACUGUAUU-3′; control-mimic sense, 5′-UUCUCCGAACGUGUCACGUTT-3′ and antisense, 5′-ACGUGACACGUUCGGAGAATT-3′; miR-101 inhibitor, 5′-UUCAGUUAUCACAGUAUGUA-3′; and inhibitor-control, 5′-CAGUACUUUUGUGUAGUACAA-3′.

### RT-qPCR analysis

Total RNA was prepared using TRIzol^®^ reagent (Invitrogen). For miRNA quantification, cDNA was synthesized with specific miRNA reverse transcriptase primers using the TaqMan microRNA Reverse Transcription kit (Applied Biosystems). For mRNA quantification, cDNA was reversely transcribed at 37°C for 15 min, and 95°C for 10 min using the Moloney murine leukemia virus (M-MLV) reverse transcriptase (Toyobo Life Science), according to the manufacturer\'s protocol. RNA and cDNA samples were stored at −80°C until use. The qPCR analysis was performed on an Exicyler 96 sequence detection system (Bioneer Corporation). The final 50 µl reaction mixture contained 25 µl SYBR-Green PCR Master Mix (Toyobo), 2 µl primer mix (5 µM) and 10 ng cDNA. Thermocycling was carried out as follows: 95°C for 2 min for denaturation; followed by 40 cycles of 94°C for 15 sec, 55°C for 30 sec for amplification; and 72°C for 30 sec for termination. The standard curve was plotted using Origin 5.0 software (Originlab Corporation). The relative expression of miRNA was calculated using the 2^−ΔΔCq^ method ([@b17-ol-0-0-10674]) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The following primers for GAPDH were synthesized by Beijing Dingguo Changsheng Biotechnology Co., Ltd.: Sense, 5′-CCATGGAGAAGGCTGGGG-3′ and antisense, 5′-CAAAGTTGTCATGGATGACC-3′.

### Cell viability assay

Cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.) according to the manufacturer\'s protocol. HepG2 cells were cultured to 70--80% confluence and treated with various concentrations of CDDP (0, 2 and 5 µM) for 24 h. Absorbance at 450 nm was recorded using a Multiscan Mk3 plate reader (Thermo Fisher Scientific, Inc.). All measurements were performed at least in triplicate. CDDP was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). Controls were treated with vehicle only at a final concentration of 0.1% w/w.

### Apoptosis analysis

Apoptosis was assessed in HepG2 cells using the Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide(PI) assay (Mbchem™, Shanghai, China) according to the manufacturer\'s instructions. For flow cytometry analysis, HepG2 cells were treated with CDDP and then collected and washed twice with cold PBS solution. Cells were suspended with 400 µl binding buffer, incubated with 5 µl Annexin V-FITC at 37°C for 15 min and 10 µl PI at 37°C for 5 min in the dark. Stained cells were immediately analyzed using a flow cytometer (Becton-Dickinson and Company) with Cell Quest 4.0.2 software (Becton-Dickinson and Company).

### Comet assay

DNA single-strand breaks (SSBs) were evaluated with alkaline single-cell gel electrophoresis (comet assay) as described in previous studies ([@b18-ol-0-0-10674],[@b19-ol-0-0-10674]). After CDDP treatment, HepG2 cells were immersed in cell lysis solution (2.5 M NaCl, 100 mM Na~2~EDTA, 10 mM Tris, pH 10.0; 1% Triton X-100 and 10% DMSO) at 4°C for 1 h, then placed in electrophoresis solution (300 mM NaOH, 1 mM Na~2~EDTA, pH \>13) for 40 min at 4°C. After electrophoresis (25 V, \~300 mA) and subsequent neutralization with Tris-HCl (400 mM, pH 7.5), cells were stained with PI (5 mg/l; Sigma-Aldrich). Finally, the comet images were analyzed under a fluorescence microscope at ×40 magnification with CASP comet analysis 1.2.2 software (Comet Assay Software Project Lab). The Olive tail moment of DNA (referred as DNA percentage in the tail) was used to evaluate the level of DNA damage.

### Measurement of reactive oxygen species (ROS)

Levels of intracellular ROS were detected using the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich) according to the manufacturer\'s instructions. After treatment with CDDP as aforementioned, HepG2 cells were harvested, and cell solutions were incubated with 10 µM DCFH-DA at 37°C for 20 min. Serum-free culture medium and 50 µM tert-butyl hydroperoxide (Sigma-Aldrich) were used as negative and positive controls, respectively. Fluorescence intensity was observed under a fluorescence microscope (Olympus BX-51) and analyzed using Image-pro plus 6.0 software (Media Cybernetics, Inc.). All experiments were performed at least three times with six replicates for each sample.

### Tumor xenograft mouse model

For *in vivo* chemosensitivity assays, 4-week-old male BALB/c nude mice (weight 10--12 g) from Shanghai SLAC Laboratory Animal CO. Ltd. were housed and maintained in specific pathogen-free laminar flow cabinets. Treatments of animals were in accordance with the guidelines established by the Institutional Animal Care and Ethics Committee. BALB/c nude mice were randomly separated into five groups (20 mice in each group): Control group, mimic control, miR-101 mimic, inhibitor control, and miR-101 inhibitor group. Control HepG2 cells (\~1×10^7^ cells) and cells infected with lentivirus containing miR-101 mimic, mimic control, miR-101 inhibitor, or inhibitor control were subcutaneously inoculated into the right flank of nude mice. Ten days after injection of HepG2 cells, with no obvious enlargement of tumor volume, each group of mice was further divided into two subgroups, CDDP (−) and CDDP (+). Mice in the CDDP (+) group received intraperitoneal injection of CDDP at a dose of 5 mg/kg every 5 days for 20 days. Tumor diameter and tumor volume were examined every five days, and tumor volume (V) was calculated using the equation V=AxB^2^/2 (mm^3^) where A is the largest diameter and B is the perpendicular diameter. At different time points, four tumor-bearing mice were sacrificed, and xenograft tumors were separated and weighed. The average tumor weights of each group were calculated. During the experimental procedure, animals were maintained in a specific pathogen-free environment in a laminar flow hood.

### Luciferase assay

The putative miRNA binding sites from the 3′-UTR of DNA-PKcs or a mutant version of this 3′-UTR were amplified by PCR using DNA samples from HepG2 cells with a TaqMan^®^ Universal PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) and inserted into pGL3-control luciferase reporter vectors (Promega) according to Yan *et al* ([@b13-ol-0-0-10674]). The sequences of primers were listed as follows: Wild-type DNA-PKcs (sense, 5′-CTAGCTTTGCATTGAATTTGGGATAACTTCAA-3′, antisense, 5′-AGCTTTGAAGTTATCCCAAATTCAATGCAAAG-3′); mutant DNA-PKcs (sense, 5′-CTAGACATAAAAGTGCTTCAAAAATCCCATGG-3′, antisense, 5′-AGCTCCATGGGATTTTTGAAGCACTTTTATGT-3′). The thermocycling conditions of PCR were as follows: 95°C for 2 min; then 42 cycles of 95°C for 5 sec, 63°C for 20 sec and 72°C for 10 sec. Constructed vectors were sequenced and denoted as pGL3-DNA-PKcs-WT and pGL3-DNA-PKcs-MUT, respectively. HepG2 cells were cotransfected with 0.05 mg constructed luciferase reporters, 0.01 mg control pRL-TK vector containing Renilla luciferase and 100 nM miR-101 or miRNA-control using Lipofectamine 2000 (Invitrogen). Cells were harvested 48 h after transfection and measured with a Dual Luciferase Assay kit (Promega) using the luminescence microplate reader LUMIstar Galaxy (BMG Labtech GmbH) according to the manufacturer\'s protocol. Firefly luciferase activity was normalized to Renilla luciferase activity for each transfected well.

### Western blotting

Total protein samples and nuclear protein samples were prepared after CDDP treatments using Mammalian Protein Extraction Reagent and the Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Fisher Scientific, Inc.), respectively. Protein concentration was determined using the bicinchoninic acid protein assay (Thermo Fisher Scientific, Inc.). Protein samples (60 µg per sample) were separated by 8% SDS-PAGE and transferred onto nitrocellulose membranes (Merck KGaA). Membranes were then blocked with 5% skim milk at 37°C for 1 h, followed by successive incubation with primary antibodies for 12 h at 4°C and corresponding secondary antibodies for 4 h at 4°C. The primary antibodies were as follow: NF-κB (p65; 1:1,000; cat. no. 8242), phospho-IKKα/β (1:1,000; cat. no. 2697), IKKα/β (1:1,000; cat. no. 2682/2684), p-IκBα (1:1,000; cat. no. 2859), IκBα (1:1,000; cat. no. 4812), p-Akt (Ser473; 1:1,000; cat. no. 9271), H3 (1:1,000; cat. no. 4499), Akt (1:1,000; cat. no. 9272), p53 (1:1,000; cat. no. 9282), caspase-3 (1:1,000; cat. no. 9662) and mammalian target of rapamycin (mTOR; 1:1,000; cat. no. 2972) antibodies were all purchased from Cell Signaling Technology, Inc. The DNA-PKcs antibody (1:1,000; cat. no. sc-135886) was purchased from Santa Cruz Biotechnology, Inc. GAPDH (1:1,000; cat. no. 5465-040) antibody was purchased from Multisciences (Lianke) Biotech Co., Ltd. Anti-Rabbit IgG (H+L)/HRP and anti-Mouse IgG (H+L)/HRP secondary antibodies were purchased from Beijing Dingguo Changsheng Biotechnology Co., Ltd. Finally, blots were visualized using enhanced chemiluminescence (cat. no. P0018; Beyotime Institute of Biotechnology) and quantified using the ChemiImager system (Alpha Innotech). GAPDH was used as the internal reference, and H3 was used as the nuclear protein loading control. Prior to quantifying the ratio of phosphorylated to total protein, the intensities of phosphorylated and total protein bands were normalized to GAPDH or H3. Each experiment was repeated at least three times with three replicates for each sample.

### Caspase activity assay

Caspase 3 activity was measured with the Caspase 3 Assay Kit (Abcam) according to the manufacturer\'s protocol. Following treatment, HepG2 cells were collected and resuspended in cell lysis buffer. The supernatant (cytosolic extract) was collected and incubated with reactive buffer at 37°C for 1--2 h, and the absorbance was recorded at 405 nm using a Multiscan Mk3 plate reader (Thermo Fisher Scientific, Inc.).

### Statistical analyses

All experiments were performed in triplicate with at least three replicates for each sample. Data are expressed as the mean ± standard error of the mean (SEM). Two-way analysis of variance (ANOVA) was performed to test the comparisons and corrected by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-101 affects cell survival and apoptosis in HepG2 cells exposed to CDDP

To investigate the effects of miR-101 on the therapeutic efficiency of CDDP treatment in HepG2 cells, miR-101 expression was altered through transfection with a miR-101 mimic or miR-101 inhibitor. Expression levels of miR-101 were confirmed by RT-qPCR. miR-101 mimic-treated cells exhibited 15.8-fold higher miR-101 expression levels compared with that of mimic-control cells and wild-type HepG2 cells. In contrast, miR-101 inhibitor-treated cells exhibited 70% reduced expression compared with control-treated cells ([Fig. 1A](#f1-ol-0-0-10674){ref-type="fig"}). These HepG2 cells with differing expression of miR-101 were treated with CDDP (0, 2 or 5 µM) in subsequent experiments.

Cell viability was assessed using the CCK-8 assay. Transfection with mimic-control and inhibitor-control had no effect on cell viability compared with wild-type HepG2 cells ([Fig. 1B](#f1-ol-0-0-10674){ref-type="fig"}). Cell survival reduced by \~16.8±3.9 and 30.2±5.5% after 24-h treatment with 2 and 5 µM CDDP, respectively in wild-type HepG2 cells. miR-101 overexpression significantly enhanced the sensitivity of HepG2 cells to CDDP treatment compared to the mimic control group, with cell viability reduced by 25.6±5.1 and 47.4±4.0% for the two doses of CDDP. In addition, miR-101 knockdown partially attenuated the cytotoxic effects of CDDP treatment, with viability decreased by only \~10.5 and 17.3% for these two doses.

To investigate the role of miR-101 in apoptosis of HepG2 cells, CDDP-induced apoptosis was assessed by flow cytometry. The wild-type HepG2 cells had an apoptosis rate of 13.5±1.2 and 24.7±1.3% in response to 2 and 5 µM of CDDP treatment. The miR-101-overexpressing cells exhibited an increased apoptosis rate compared with the mimic control group (19.4±2.05 and 33.9±2.76%; P\<0.05), whereas miR-101-knockdown groups exhibited a reduced apoptosis rate compared with the inhibitor control in response to CDDP treatment (6.3±0.74 and 9.8±1.27%; P\<0.05) ([Fig. 1C and D](#f1-ol-0-0-10674){ref-type="fig"}). These findings indicate that increased miR-101 expression may enhance cisplatin sensitivity in HepG2 cells.

### miR-101 expression impacts DNA damage and ROS levels in HepG2 cells exposed to CDDP

Increased repair or tolerance of DNA damage is one of the potential mechanisms for cisplatin resistance ([@b20-ol-0-0-10674],[@b21-ol-0-0-10674]). In the present study, the results of a comet assay ([Fig. 2A and B](#f2-ol-0-0-10674){ref-type="fig"}) showed that CDDP induced significant DNA SSB damage in wild-type HepG2 cells, with the DNA damage rate increasing from \~5.6±1.0% in untreated cells to 14.8±2.9 and 23.7±3.1% after treatment for 24 h with 2 and 5 µM of CDDP, respectively. miR-101 overexpression significantly enhanced DNA damage, with the DNA damage rate increasing to 23.6±3.2 and 35.9±4.9% (P\<0.05; vs. mimic control group) for the two doses of CDDP. miR-101 inhibition decreased CDDP-induced DNA damage to 10.1±3.2 and 17.3±3.0% (P\<0.05; vs. inhibitor control).

In response to treatment with 2 and 5 µM CDDP for 24 h, intracellular ROS significantly increased to \~235 and 305% of untreated cells in wild-type HepG2 cells ([Fig. 2C](#f2-ol-0-0-10674){ref-type="fig"}). A similar degree of ROS increase also occurred in HepG2 cells transfected with control-mimic and inhibitor-control. With miR-101 overexpression, ROS levels of the groups treated with 2 and 5 µM CDDP increased to 289±15.8 and 356±12.2% compared with the untreated group, respectively. In cells with knockdown of miR-101, ROS levels increased to 205±17.2 and 280±32.5% of the untreated group ([Fig. 2C and D](#f2-ol-0-0-10674){ref-type="fig"}). These results suggest that the chemosensitizing effect of miR-101 in HepG2 cells may be associated with oxidative stress.

### miR-101 expression regulates tumor growth and sensitivity to CDDP in BALB/c nude mice

To assess tumor growth rates *in vivo*, HepG2 cells were infected with lentivirus containing miR-101 mimic, control-mimic, miR-101 inhibitor, or inhibitor control. Expression levels of miR-101 were confirmed by RT-qPCR. miR-101 mimic-transfected cells exhibited 8.7-fold higher expression compared with that of mimic-control-transfected cells and control HepG2 cells. By contrast, the expression level of miR-101 in cells transfected with miR-101 inhibitor reduced by 81% compared with that of control cells ([Fig. 3A](#f3-ol-0-0-10674){ref-type="fig"}). Next, infected HepG2 cells were subcutaneously inoculated into nude mice (day 0). After 10 days, half the mice were treated with CDDP at 5 mg/kg every 5 days for 20 days, and tumor volume and weight were examined every 5 days. For non-CDDP groups, treatment of miR-101 mimic control or inhibitor control had no effects on tumor growth compared to controls. miR-101 overexpression, however, inhibited tumor growth *in vivo*, and miR-101 suppression promoted tumor growth ([Fig. 3B, C and D](#f3-ol-0-0-10674){ref-type="fig"}). CDDP treatment suppressed tumor growth ([Fig. 3D](#f3-ol-0-0-10674){ref-type="fig"}), with a mean average inhibition rate of 37.5% for tumor weight on day 25. Combined treatment of CDDP plus miR-101 exerted the most marked inhibition of growth, reducing tumor weight by 55.6% on day 25. By contrast, addition of the miR-101 inhibitor attenuated the effects of CDDP to 25.8% inhibition. Tumor growth in the groups treated with miR-101 mimic control and CDDP and with miR-101 inhibitor control and CDDP was roughly equivalent to that of the control plus CDDP groups ([Fig. 3C and D](#f3-ol-0-0-10674){ref-type="fig"}).

### miR-101 expression regulates protein expression of the DNA-PKcs/Akt pathway and alters expression of apoptosis related proteins

A luciferase reporter assay was performed to identify whether DNA-PKcs is a target of miR-101. As shown in [Fig. 4](#f4-ol-0-0-10674){ref-type="fig"}, transfection with miR-101 mimic significantly suppressed the luciferase activity in cells co-transfected with DNA-PKcs 3′-UTR-containing plasmid, while having no effect on cells containing plasmids carrying a mutant 3′UTR sequence. These results suggested that miR-101 efficiently targets DNA-PKcs via binding to the 3′-UTR of DNA-PKcs in HepG2 cells. To explore the underlying molecular mechanism of miR-101-mediated chemosensitivity, expression of DNA-PKcs/Akt/NF-κB pathway related proteins, including DNA-PKcs, Akt, phosphorylated Akt, mTOR, caspase-3, p53, phospho-IKK-α/β and NF-κB were assessed. Western blot results revealed that miR-101 mimic decreased Akt phosphorylation in HepG2 cells compared to the control group, and no change was observed in total levels of Akt protein (P\<0.05; [Fig. 5A and C](#f5-ol-0-0-10674){ref-type="fig"}). In addition, phosphorylation level of the downstream target protein mTOR was significantly downregulated ([Fig. 5A and C](#f5-ol-0-0-10674){ref-type="fig"}). miR-101 inhibitor increased expression of DNA-PKcs, p-Akt and p-mTOR compared with control group ([Fig. 5A and C](#f5-ol-0-0-10674){ref-type="fig"}), indicating that miR-101 may downregulate the DNA-PKcs/Akt pathway. In addition, CDDP treatment (2 µM) for 24 h reduced the expression of DNA-PKcs, p-Akt and p-mTOR compared with the CDDP treatment alone, while the pro-apoptotic factors p53 and caspase-3 were elevated in response to CDDP treatment ([Fig. 5A-C](#f5-ol-0-0-10674){ref-type="fig"}). Caspase 3 activity was also significantly increased in cells treated with CDDP and miR-101 mimic compared to that in the control or control + CDDP groups ([Fig. 5D](#f5-ol-0-0-10674){ref-type="fig"}), consistent with the effect of miR-101 mimic and CDDP on apoptosis *in vitro* ([Fig. 1C](#f1-ol-0-0-10674){ref-type="fig"}).

The NF-κB pathway serves crucial roles in anticancer strategies. Consistent with the results for the DNA-PKcs/Akt pathway, miR-101 mimic also inhibited the NF-κB pathway, as evidenced by the downregulation of nuclear NF-κB (Nu-NF-κB, p65) and decreased phosphorylation of IKKα/β and IκBα. Additionally, miR-101 inhibitor activated the NF-κB pathway, resulting in enhanced protein expression and phosphorylation ([Fig. 5B and C](#f5-ol-0-0-10674){ref-type="fig"}). This study also showed that expression of Nu-NF-κB and phosphorylation of IKKα/β and IκBα were reduced in HepG2 cells treated with CDDP alone for 24 h ([Fig. 5B and C](#f5-ol-0-0-10674){ref-type="fig"}).

Discussion
==========

CDDP is an effective cytotoxic platinum agent used in chemotherapy, particularly in patients with unresectable liver cancer ([@b22-ol-0-0-10674]). However, chemoresistance to CDDP has become a barrier to its clinical effectiveness, with low response rates varying from 22--29% in liver cancer treatment ([@b23-ol-0-0-10674]). Although several factors contributing to CDDP resistance have been reported ([@b24-ol-0-0-10674],[@b25-ol-0-0-10674]), the underlying mechanism of acquired chemoresistance remains poorly understood. Drug resistance is an important issue that remains to be resolved in liver cancer chemotherapy.

Numerous studies have reported that miRNAs regulate the response to carcinogenesis and chemosensitivity in multiple types of cancer, including liver cancer ([@b26-ol-0-0-10674],[@b27-ol-0-0-10674]). miR-142-3p targets autophagy protein 5 and autophagy-related protein 16-1 to inactivate autophagy and sensitizes liver cancer to sorafenib ([@b28-ol-0-0-10674]). miR-205-5p regulates the chemotherapeutic resistance of liver cancer to 5-fluorouracil by targeting the PTEN/JNK/ANXA3 pathway ([@b29-ol-0-0-10674]). miR-101 was initially identified as a tumor suppressor miRNA in a human cancer by Xu *et al* ([@b16-ol-0-0-10674]). It was demonstrated that miR-101 serves an important role in cisplatin-induced apoptosis in liver cancer cells through inhibition of autophagy via modulating the expression of Ras-related protein RAB5A, stathmin and cysteine protease ATG4D. He *et al* ([@b30-ol-0-0-10674]) reported that miR-101 sensitizes liver cancer cell lines to doxorubicin-induced apoptosis by targeting apoptosis regulator MCL1. *In vitro* testing demonstrated that miR-101 binds to the 3′-UTR of DNA-PKcs to regulate protein levels of DNA-PKcs and mediates the sensitivity of lung cancer cells to radiation ([@b13-ol-0-0-10674]). However, the molecular mechanism of how miR-101 regulates resistance of liver cancer cells to CDDP treatment remains unclear.

CDDP induces DNA-adducts and DNA damage by DNA crosslinking via displacement of the chloride ligand, which could consequently induce cell proliferation inhibition and cell death ([@b24-ol-0-0-10674]). As shown in [Fig. 2](#f2-ol-0-0-10674){ref-type="fig"}, miR-101 overexpression enhanced CDDP-induced DNA damage, and miR-101 knockdown partially relieved DNA single-strand damage. This may partially explain the findings in this study that overexpression of miR-101 significantly sensitized HepG2 cells to CDDP treatment, while downregulation of miR-101 reduced chemosensitivity ([Fig. 1](#f1-ol-0-0-10674){ref-type="fig"}). Overexpression of miR-101 significantly elevated ROS production, while miR-101 downregulation reduced ROS levels induced by CDDP treatment in HepG2 cells, indicating that CDDP cytotoxicity was associated with intracellular redox status. A xenograft mouse model further confirmed that miR-101 overexpression inhibited tumor growth, and miR-101 knockdown could promote tumor growth ([Fig. 3](#f3-ol-0-0-10674){ref-type="fig"}). These results suggest that miR-101 may increase cisplatin sensitivity in HepG2 cells through modulation of DNA damage and intracellular ROS levels.

The PI3K/Akt pathway is involved in stimulation of tumor cell survival, invasive behavior and chemosensitivity in numerous types of malignancy ([@b31-ol-0-0-10674],[@b32-ol-0-0-10674]). As one of the PI3K family members, DNA-PK plays an important role in NHEJ to repair DSBs, which are a major mechanism of CDDP cytotoxicity ([@b23-ol-0-0-10674]). A previous study demonstrated that suppression of DNA-PKcs results in sensitization of HepG2 cells to CDDP treatment ([@b33-ol-0-0-10674]). In the present study, the western blot results revealed that miR-101 overexpression markedly reduced the expression of DNA-PKcs, as well as phosphorylation of Akt and mTOR. By contrast, miR-101 knockdown increased the expression of DNA-PKcs and further elevated the activity of Akt/mTOR signaling. These results confirm a regulatory role for DNA-PKcs in chemoresistance mediated by miR-101. Moreover, combining treatment of miR-101 mimic and CDDP significantly increased the expression of the apoptotic protein caspase 3 compared with CDDP treatment alone, and miR-101 knockdown partially reversed caspase-3 expression induced by CDDP treatment, consistent with results of the apoptosis assay.

Two serine threonine IκB kinases, IKKα and IKKβ, are responsible for phosphorylation, ubiquitination and subsequent degradation of IκB molecules, which facilitate the release of NF-κB from its binding with IκB ([@b34-ol-0-0-10674]). This allows free NF-κB to translocate from the cytoplasmic into the nucleus, where it exerts transcriptional activity ([@b35-ol-0-0-10674]). Physiological processes such as cell proliferation, invasion and cell death are regulated by NF-κB release ([@b36-ol-0-0-10674]). CDDP is a potent inhibitor of NF-κB pathway activation that inhibits tumor growth ([@b37-ol-0-0-10674]). Western blot results in the present study revealed that that CDDP treatment led to reduced nuclear translocation of NF-κB/p65 protein, as well as reduced phosphorylation levels of IKKα/β and IκB. Moreover, suppression of NF-κB by CDDP was further aggravated by miR-101 mimic, which may make HepG2 cells more susceptible to chemotherapeutic agents. These data suggest that miR-101 attenuates chemoresistance to CDDP in HepG2 cells through the DNA-PKcs/Akt/NF-κB pathway.

In conclusion, miR-101 overexpression augmented the cytotoxicity of CDDP and reduced chemoresistance in HepG2 cells, and these phenomena were associated with negative regulation of the DNA-PKcs/Akt/NF-κB signaling pathway. The present study provides new insight into a potential alternative therapeutic strategy for liver cancer treatment using miR-101 as antitumor miRNA.
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![miR-101 impacts cell survival and apoptosis in HepG2 cells exposed to CDDP. HepG2 cells transfected with miR-101-mimic, mimic control, miR-101 inhibitor and inhibitor control were subsequently treated with CDDP (0, 2 and 5 µM). (A) miR-101 expression; (B) cell viability; (C) apoptosis rate assessed by Annexin V-FITC/PI staining; (D) representative images of apoptosis (0 and 5 µM CDDP groups). Data are mean ± SEM of three separate experiments with three replicates for each sample. \*P\<0.05 and \*\*P\<0.01 compared to 0 µM group; ^\#^P\<0.05 and ^\#\#^P\<0.01 compared to mimic control/inhibitor control groups. miR-101, microRNA-101; CDDP, cisplatin; FITC, fluorescein isothiocyanate; PI, propidium iodide.](ol-18-04-3655-g00){#f1-ol-0-0-10674}

![miR-101 affects DNA damage and ROS levels in HepG2 cells exposed to CDDP. HepG2 cells transfected with miR-101-mimic, mimic control, miR-101 inhibitor and inhibitor control were subsequently treated with CDDP (0, 2 and 5 µM). (A) DNA single-strand breaks evaluated by comet assay; (B) representative images of comet assay (0 and 5 µM CDDP groups); (C) level of intracellular ROS assessed by the fluorescent probe DCFH-DA; (D) representative fluorescent images of ROS levels (0 and 5 µM CDDP groups). \*P\<0.05 and \*\*P\<0.01 compared to 0 µM group; ^\#^P\<0.05 compared to wide-type groups. miR-101, microRNA-101; CDDP, cisplatin; ROS, reactive oxygen species; DCFH-DA, dichloro-dihydro-fluorescein diacetate.](ol-18-04-3655-g01){#f2-ol-0-0-10674}

![miR-101 influences the inhibition of tumor growth by CDDP in BALB/c nude mice. HepG2 cells infected with lentiviruses carrying miR-101-mimic, mimic control, miR-101-inhibitor and inhibitor control were subcutaneously inoculated into nude mice. CDDP (5 mg/kg) was administered every 5 days for 20 days. (A) miR-101 expression in HepG2 cells following lentiviral-mediated transfection was determined using RT-qPCR. (B) Representative images of tumors. (C) Mean volume and (D) weight of tumors, miR-101 mimic and controls in upper graphs and miR-101 inhibitor and controls in lower graphs. \*P\<0.05, \*\*P\<0.01 vs. mimic control/inhibitor control groups. ^\#\#^P\<0.01 vs. non-CDDP groups. miR-101, microRNA-101; CDDP, cisplatin.](ol-18-04-3655-g02){#f3-ol-0-0-10674}

![DNA-PKcs is a direct target of miR-101 in HepG2 cells. Relative luciferase activity of HepG2 cells co-transfected with plasmids containing DNA-PKcs-WT 3′-UTR or DNA-PKcs-MUT 3′-UTR and miR-101 or miR-control. Data are mean ± SEM of three separate experiments with three replicates for each sample. \*P\<0.05 compared to miR-control group. miR-101, microRNA-101; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; 3′-UTR, 3′-untranslated region; WT, wild type; MUT, mutant.](ol-18-04-3655-g03){#f4-ol-0-0-10674}

![miR-101 affects protein expression of the DNA-PKcs/Akt/NF-κB pathway. HepG2 cells were transfected with miR-101 mimic or miR-101 inhibitor and treated with 0 or 5 µM CDDP. (A) Representative images of western blot analysis of DNA-PKcs, p-Akt, Akt, p-mTOR, mTOR, caspase-3, p53 and GAPDH; (B) representative images of western blot analysis of nuclear NF-κB (Nu-NF-κB, P65), p-IKKα/β, IKKα, IKKβ, p-IκBα, IκBα, H3 and GAPDH. (C) Quantified results of western blot analysis with three replicates for each sample. Intensity of bands for DNA-PKcs, caspase-3 and p53 were normalized using GAPDH as the internal reference. Bands for p-Akt, p-mTOR, p-IKKα/β and p-IκBα were normalized to GAPDH/H3 and are presented as a ratio of phosphorylated to total protein for each. Expression of NF-κB was quantified using H3 as the internal reference. (D) Activity of caspase 3. 1, control; 2, control + CDDP; 3, miR-101 mimic; 4, miR-101 mimic + CDDP; 5, miR-101 inhibitor; and 6, miR-101 inhibitor + CDDP. \*P\<0.05 compared to control group. ^\#^P\<0.05 compared to control + CDDP group. miR-101, microRNA-101; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; CDDP, cisplatin; Akt, protein kinase B; p-Akt, phosphorylated Akt; mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mTOR; p53, tumor protein P53; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NF-κB, nuclear factor κB; IKKα/β, inhibitor of κB kinase α/β; p-IKKα/β, phosphorylated IKKα/β; IκBα, inhibitor of NF-κB α; p-IκBα, phosphorylated IκBα; H3, histone 3.](ol-18-04-3655-g04){#f5-ol-0-0-10674}
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